The water-soluble proteins (WSP) of otoliths were electrophoretically and immunochemically stud ied in the tilapia Oreochromis niloticus. WSP were separated into three or more undefined bands by gradient native PAGE and into 14-16 bands with a main band at 52 kDa by gradient SDS-PAGE. The main band was PAS-positive and had a moderate calcium-binding capacity. Proteins extracted from the sacculus showed an intense calcium-binding capacity in a single band in the low molecular region. Immunoelectrophoresis and immunoblotting revealed that anti-WSP rabbit serum was positive to the WSP, serum, and extracts from various tissues, including the sacculus, semicircular canal, heart, liver, gill lamella, and brain. These immunoreactions, except those of the WSP and the brain, disappeared af ter absorption with tilapia serum. Two-dimensional electrophoresis revealed that at least two serum pro teins at 20 kDa and 21 kDa immunoreacted with the antiserum. The amino acid composition of the 20 kDa protein was dominated by Glx but was not necessarily similar to that reported for tilapia otoliths.
Fish otoliths are located in the membranous labyrinth and function as organs of equilibrium and hearing. Fish eries scientists have used otoliths to determine the age of fish, because they are marked with annual and daily rings. Recently, the microchemistry of otoliths has been provid ing various types of information for reconstructing the life history of an individual. Despite this expansion of otolith application to ecological studies, the mechanisms of otolith formation are poorly understood.
Otoliths are highly calcified concretions of calcium car bonate with a small amount of organic matrix (mostly proteins), which functions as a structural framework, a crystal seeding site, and a crystal growth inhibitor in biomineralization.1) Biochemical properties of organic ma trices have been extensively studied in bone, teeth, mollusc shells, and avian eggshells. However, relevant studies on fish otoliths are scarce and much remains to be studied. Degens et al.2) analyzed the amino acid composition of water-insoluble otolith matrix in various freshwater and marine fish and revealed that the otoliths were rich in acid ic amino acids. Similar results were reported in the water soluble proteins of otoliths in tilapia3) and walleye pol lock.4) A calcium-binding capacity was also demonstrated in the water-soluble fraction of the otolith matrix in these fish and also in that of Atlantic salmon.5) These appear to be the only studies that have been done on the biochemical relationship between organic matrix and calcification in fish otoliths.
Because the otolith (sagitta) is enclosed in the closed sac of the sacculus, its matrix proteins must be synthesized and secreted by some cells of the sacculus. Several immunohistochemical studies,4),*1 have been conducted on this to identify an otolith-forming cell. However, the results are not conclusive, because antisera raised against the matrix immunostained most intensively all cells con stituting the sacculus, only sensory hair cells in the mac ula, and/or the brain.
To provide a greater insight into the biochemical proper ties of otolith proteins, we isolated water-soluble proteins from tilapia otoliths and electrophoretically examined their biochemical and calcium-binding properties. Then rabbit antiserum raised against the proteins was prepared and used for immunoelectrophoresis and immunoblot analysis of inner ear-related and other tissues including se rum. The sacculus (without otolith), semicircular canal, nerve bundle of the sacculus, whole brain, heart, liver, dorsal muscle, gill lamella, and testis were dissected and rinsed in physiological saline solution (140 mM NaCl, 4 mM KCl, 1 mm CaC12, 1 mM MgSO4, 10 mM NaHCO3, 2 mM NaH2PO4, and 5.5 mM glucose) containing 1 mM phenylmethanesulfonyl fluoride and 1 mM EDTA 2Na. The tissues were homogenized in 1.5 volumes of the solu tion and centrifuged (15,000 rpm, 4•Ž) for 20 min. The su pernatants were used as protein extracts from the tissues.
Antiserum Against WSP
Lyophilized WSP (about 70 mg) were dissolved in I ml of PB and emulsified with an equal volume of Freund's complete adjuvant. The emulsion was subcutaneously in jected into a New Zealand white rabbit four times at bi weekly intervals to raise polyclonal antibodies. Blood was collected by heart puncture 7 days after the last injection and serum was separated by centrifugation. The antiserum was stored at -80•Ž. Calcium-binding Property After SDS-PAGE, proteins were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore) using a transfer chamber (Atto Inc.). The membrane was rinsed twice in an imidazole-HCl buffer (pH 6.8) for 30 min each and then soaked in buffer containing 45CaC12 (37 kBq/ml, Dupont/NEN) for 30 min. The membrane was rinsed in 30% ethanol for 5 min and dried using Biogel rap (Bio Design Inc.). Radioactivity was visualized by au toradiography using a BAS 2000 Bio-imaging analyzer (Fuji Film Co.). After autoradiography, the membrane was stained with 0.1% amido black for comparison.
Immunoelectrophoresis and Immunoblotting
Immunoelectrophoresis was performed with 1% agarose in a 0.05 M barbital buffer (pH 8.6), according to the method of Grabar and Williams.10) After electrophore sis, the gel was immunoreacted with the antiserum over night and precipitins were observed.
Immunoblot analysis was made by the method of Towin et al.11) After SDS-PAGE, proteins were electroblotted onto a PVDF membrane and the membrane was blocked with 5% skimmed milk for I h. The membrane was then in cubated in a 1:500 dilution of the primary antibody to WSP for 2 h. The membrane was washed three times for 30 min in 0.02 M Tris-HCl buffer containing 0.05% Tween 20 and then incubated with the second antibody, goat anti rabbit IgG horseradish peroxidase (HRP) conjugate (Sigma A-9169), at room temperature for 2 h. Antigen antibody complexes were visualized with a HRP color de velopment reagent (Bio-RAD).
Amino Acid Analysis
After two-dimensional SDS-PAGE, the gel was rinsed in the transfer buffer (10 mM 3-cyclohexyl aminopropanesulfonic acid and 20% methanol, pH 11.0) for 10 min. Proteins were then transferred to a PVDF membrane and stained with 0.1% CBB. After drying, the positive spot corresponding to the protein of concern was cut out. The proteins were hydrolyzed with 6 N HCl at 110•Ž for 24 h and amino acids were extracted with 0.1 N HCl in 30% ethanol. Amino acid analysis was performed using a PICO TAG system (Waters, Millipore).
Results
Native PAGE separated WSP into three or more unde fined fractions (Fig. IA) . Significant differences in separa tion were not found among the lyophilized, (NH4)2SO4 -precipitated, and CaC12-precipitated samples. SDS-PAGE further separated the WSP into 14-16 fractions with a main band at 52 kDa (Fig. 1B) . No significant difference was found among the WSP samples differently prepared by SDS-PAGE. Therefore, the lyophilized WSP alone were used for the following experiments, unless otherwise stated.
After SDS-PAGE, gels were stained with PAS and alci an blue for neutral and acidic polysaccharides, respec tively, together with CBB and silver for proteins. The sil ver stain was more sensitive for protein detection than CBB (Fig. 2) . The main protein at 52 kDa was stained posi tively with PAS but not with alcian blue. The second main band at 70 kDa was PAS and alcian blue-positive. In the molecular regions higher than 116 kDa, where protein stains were faint or negative, PAS and alcian blue-posi tive materials occurred with diffused contours (Fig. 2) . The calcium-binding properties of the WSP were exam ined by 45Ca autoradiography (Fig. 3A, B) . The main band at 52 kDa was moderately positive to 45Ca. 45Ca also bound to a few bands other than 52 kDa (Fig. 3B) . Because the protein concentrations in these minor bands estimated from their staining intensities were low compared with that of the main band, the specific calcium-binding capaci ty seemed to be much higher in the minor bands than in the main band. No significant difference in calcium-bind ing properties was found between the WSP samples.
Proteins extracted from the sacculus separated into many definite bands by SDS-PAGE (Fig. 3A) . Au toradiography revealed that a single band of the sacculus proteins with a low molecular weight had an intense calci um-binding capacity. Four serum proteins showed weak 45Ca -binding capacity (Fig. 3B ).
Anti-WSP rabbit serum was immunoelectrophoretically tested for cross-reaction with the WSP, serum, and saccu lus extract. A few precipitin arcs were evident between the antiserum and the WSP (Fig. 4A) , indicating that the an tiserum was successfully prepared. One or more precipitin arcs were also detected between the antiserum and tilapia serum and between the antiserum and the sacculus extract. After absorbing the anti-WSP serum with tilapia serum, all the precipitins disappeared in the serum and the saccu lus extract but some still persisted in the WSP (Fig. 4B) .
Immunoblotting was done to identify the proteins in the WSP, serum, and sacculus extract that immunoreacted with the antiserum. Almost all protein bands of the WSP were immunoreactive with the antiserum on a PVDF mem brane (Fig. 5A, B) . The extract showed a single faint but positive band at 20 kDa and the serum two clearly positive bands at 20 and 21 kDa. Each of these bands from the se rum and sacculus samples disappeared after absorption with tilapia serum. Most WSP bands, including the main band at 52 kDa, persisted against the absorption (Fig. 5C) .
Proteins extracted from the sacculus, nerve bundle of the sacculus, and semicircular canal were similarly separat ed by SDS-PAGE (Fig. 6A) . Immunoblotting with the an tiserum showed a positive reaction at 20 kDa in the saccu lus and the semicircular canal samples, but very weak or no reaction with the nerve sample (Fig. 5B) . The positive bands completely disappeared after absorption with tila pia serum (Fig. 5C) . The brain, heart, liver, muscle, gill lamella, and testis were tested for immunoreactivity with the antiserum after SDS-PAGE. Positive immunoreaction was obtained with the 20 and/or 21 kDa of the heart, liver, gill lamella, and testis as well as serum (Fig. 7A, B) . These bands disap peared after absorption with tilapia serum (Fig. 7C) . In the brain, however, several bands in 50-135 kDa range reacted positively with the antiserum and the reaction was essentially resistant to the absorption (Fig. 7B, C) .
Immunoblot analysis showed the presence of serum pro teins that immunoreacted with the anti-WSP rabbit serum. Although various spots were visualized on the two dimen sional gel (Fig. 8A) , immunoblotting stained only one (Fig. 8B) , which may be a complex of 20 and 21-kDa pro- teins. Separate two-dimensional electrophoresis split the spot into two components (Fig. 8C, D) . The spot at 20 kDa was analyzed for amino acid composition. Glx was the main component of the protein, reaching about 20 mo lar percent (Table 1) .
Discussion
Tilapia otoliths contain total proteins and WSP at rates of about 2.3% and 1.1% in weight, respectively.
3) The present electrophoretic results indicated that WSP consist ed of a few fractions. A major protein was at 52 kDa, which likely corresponds to the broad band ranging from 50 to 58 kDa in the earlier study.
3) The main band was in a form of protein-polysaccharide complex because of its PAS-positive nature. This fraction showed a moderate capacity for calcium binding. This capacity is probably due to acidic amino acids, which dominate in the WSP of tilapia otoliths3) and which can provide COO groups.12) Although we did not quantitatively evaluate specific activi ty in calcium-binding capacity, it would probably be higher in the bands other than the main band because of the much weaker protein stainability of the minor bands. Calcium-binding proteins could concentrate calcium ions and thereby induce the supersaturation necessary for mineral nucleation.12) In addition, these proteins could in hibit crystal growth by binding to the crystal lattice. The actual function of the calcium-binding proteins in otolith calcification awaits further studies.
SDS-PAGE separated proteins extracted from the saccu lus into many bands. 45Ca autoradiography revealed the presence of a low molecular weight protein with an intense capacity for calcium binding. Two calcium-binding pro teins, a calmodulin-like protein13) and calbindin,14) have been detected in sensory hair cells of the inner ear in frogs and cats, respectively.
Mugiya15) pharmacologically showed a functional involvement of calmodulin in otolith formation in rainbow trout. Foster et a1.16) immuno histochemically detected another type of calcium-binding protein (S-100) in the sacculus of the trout. Despite these earlier studies, we do not know the function of the calc ium-binding protein that was found in the present study in the sacculus. Isolation and characterization of the protein and immunohistochemical observation could clarify the functional significance of the protein. Lane 1, serum, 2: brain; 3, heart; 4, liver; 5, muscle; 6, gill lamella; 7, testis. perimeter of the saccular macula have been reported to se crete collagen, which forms a framework of the otolithic membrane in bluegill sunfish. 19) In the present study, we tried to immunohistochemically identify matrix-secreting cells using anti-WSP rabbit serum. However, no conclu sion was reached due to the poor immunostainability of the cells of the saccular wall.
Otoliths (sagittae) are located within an anatomically closed sac of the sacculus. Therefore, cells constituting the sac seem to be responsible for synthesizing otolith pro teins. Nevertheless, two-dimensional SDS-PAGE revealed that two protein components in serum had the same anti gen as the WSP of otoliths. The amino acid composition of one of these proteins (20 kDa) was compared with that of WSP of tilapia otoliths reported by Asano and Mugiya.3) A major similarity between the two was the high content of Glx. The Asx content of the 20-kDa protein was about half that of the WSP. These serum proteins might constitute minor components of otolith proteins.
The heart, liver, gill lamella, and testis immunoreacted with an approximately 20-kDa component of the WSP. This immunoreactivity disappeared after absorption with tilapia serum, suggesting that the reactions were due to contamination with blood. Several high molecular weight bands of the brain were also positive to the antiserum and these reactions were resistant to the absorption. Similarly, Tanaka*1 immunohistochemically observed a positive reac tion in the brain in juvenile tilapia using antiserum raised against whole otolith proteins. Therefore, this may indi cate that common antigenic determinants occur in both tis sues. However, we do not know the functional relation ship between the brain and otolith proteins.
